ABSTRACT: Small pelagic fish have exhibited cyclic population dynamics in complex marine ecosystems worldwide. These fish regime shifts have been associated with ocean regime shifts; however, the biological mechanisms have remained unresolved and have been considered to depend mainly on multi-step processes through food webs. In the present study, we focus on species-specific temperature optima and show that similarities and differences in spawning temperature optima reflect those in the long-term population dynamics among multi-species pelagic fish in the western North Pacific. Spawning temperature optima were examined for anchovy, sardine, mackerel and jack mackerel, based on the occurrence of eggs and larvae, using a long-term (1978 to 2004) data set of egg and larval surveys off the Pacific coast of Japan. Anchovy exhibited a plateau-like spawning temperature pattern with a peak at ca. 22°C. In contrast, sardine and mackerel exhibited steeply peaked patterns with marked peaks at ca. 16 and 18°C, respectively. On the contrary, jack mackerel showed a very similar spawning temperature pattern to anchovy. These relationships were consistent with their flourish and collapse in long-term population dynamics. Furthermore, sardine and mackerel with stenothermal spawning patterns showed dramatic fluctuations relative to anchovy and jack mackerel with more eurythermal features. The multi-species comparisons extracted a simple and direct pathway: if viewed at large scales, direct temperature impacts on vital parameters provide a plausible explanation of multi-species regime shifts of small pelagic fish in the western North Pacific.
INTRODUCTION
Marine ecosystems are complex. Over broad time scales, small pelagic fish have exhibited cyclic population dynamics worldwide. Different species tend to show in-phase or out-of-phase oscillations with one another. These large-scale 'fish regime shifts' have been associated with climate fluctuations and 'ocean regime shifts' rather than local or episodic events (McGowan et al. 1998 , Attrill & Power 2002 , Chavez et al. 2003 . However, the biological mechanisms underlying these fish regime shifts have remained unresolved.
In the western North Pacific, population dynamics of small pelagic fish appear to have responded to the Pacific Decadal Oscillation (PDO), a proxy for Pacific climate variability (Mantua et al. 1997 , Mantua & Hare 2002 , at multi-decadal scales (Fig. 1) . The landings have dramatically risen and fallen in response to the climate-induced ocean regime shifts, influencing fisheries. The mechanisms regulating fish population dynamics have long been discussed, focusing on trophic interactions and multi-step processes through food webs (Beaugrand et al. 2003 , Platt et al. 2003 , Frank et al. 2005 , Ware & Thomson 2005 . Typically, these theories assume that physical state (e.g. temper-ature and upwelling) shifts alter primary production and zooplankton biomass, which then regulate pelagic fish recruitment through the food supply ('bottom-up' control) . In turn, large fish predators, birds and mammals could influence pelagic fish populations through intensive predation pressure ('top-down' control) . The prevailing scenarios could explain singlespecies dynamics but have failed to address multispecies phenomena. For example, why do some species flourish and others collapse simultaneously despite similar environmental conditions? In addition, why do taxonomically separate species exhibit inphase oscillations, while more related species exhibit out-of-phase oscillations?
In the present study we focus on species-specific temperature optima to extract a direct process linking climate fluctuations to multi-species regime shifts of small pelagic fish, using a long-term (1978 to 2004) data set of egg and larval surveys off the Pacific coast of Japan. Spawning temperature patterns were examined based on the occurrence of eggs and larvae compared with the long-term population dynamics recorded in landing histories for multi-species pelagic fish in the western North Pacific, in terms of similarities and differences among species.
MATERIALS AND METHODS
The long-term data set of the monthly egg and larval surveys, which have been historically conducted off the Pacific coast of Japan (Fig. 2) by the national fisheries research institute of the Fisheries Research Agency and 18 prefectural experimental stations, was organized and updated to examine the spawning temperatures of major commercial small pelagic fish in the western North Pacific: Japanese anchovy Engraulis japonicus, Japanese sardine Sardinops melanostictus, chub and spotted mackerel, Scomber japonicus and S. australasicus, and Japanese jack mackerel Trachurus japonicus. These species in all accounted for ca. 20 to 50% of annual total landings in weight of fish in Japan during the last half century. In the egg and larval surveys, a conical or cylindrical-conical plankton net with a diameter of 45 or 60 cm and a mesh size of 0.33 or 0.335 mm was vertically towed from 150 m depth or just above the bottom (if < 150 m) to the surface. Concurrently, sea surface temperature (SST) was measured using a bucket and a thermometer or by a conductivity-temperature-depth profiler at each station. The survey areas and stations were organized to cover the major spawning grounds off the Pacific coast of Japan throughout the year in general (Fig. 2) . The net samples were identified under a microscope and sorted for eggs and larvae of anchovy, sardine and mackerel, although only larvae were identified for jack mackerel. We adopted the most recent 27 yr data set comprising the results of a total of 102 905 planktonnet tows (samples) from 1978 to 2004, because over 3000 samples were available per year. The sampling efforts were rather consistent over the years: the total no. of samples per year ranged from 3188 to 4308 for the period of 1978 to 2004. The data set covers all seasons and months, although the efforts tended to be more intensive during winter to spring: the mean no. of samples per month was 456, 385 and 383 for February, March and April, respectively, and ranged from 253 to 317 for the remaining months. The intended period includes both high-and low-biomass phases of the target species (Fig. 1) . Thus, the data set enables 'speciesspecific' spawning temperature optima to be estimated with a high degree of accuracy based on the spawning temperature patterns averaged over the long period.
Spawning temperature optima were determined based on the occurrence of eggs and larvae in relation to SST by the method of Lluch-Belda et al. (1991) , which adopts a quotient analysis on presence/absence data. All available data (n = 102 905) were pooled and classified into SST intervals of 0.1°C, regardless of any other attribute (i.e. area, station, year, season, sampling time, etc.). The samples in which eggs and larvae occurred ('positive' samples) were extracted for anchovy eggs (n = (Mantua et al. 1997 , Mantua & Hare 2002 24 992) and larvae (n = 24 681), sardine eggs (n = 10 966) and larvae (n = 12 649), mackerel eggs (n = 5708) and larvae (n = 5440) and jack mackerel larvae (n = 3874) from all available samples. These 'positive' samples were treated equally within each combination of species and stage, regardless of egg and larval abundance. Relative frequency (%) for each SST interval of 0.1°C among all SST intervals (350 intervals from 0.0 to 35.0°C) was calculated for 'positive' samples of each of the 7 species/stage categories. A similar relative frequency was calculated for all available samples including positive and non-positive samples, which represent the relative sampling effort for each SST interval. Spawning temperature index, a proxy for the temperature preferred for spawning, was calculated as the ratio of relative frequency (%) of 'positive' samples versus all samples for each SST interval for eggs and larvae of each species, based on the assumption that the occurrence of eggs or larvae indicates recent spawning. The 0.1°C data series of the index were then smoothed using 5-term running means. When the index value for eggs or larvae of a species was higher than 1.0 for a certain SST interval after smoothing, the temperature interval was assumed to be the preferred or selected temperature range, that is, the spawning temperature optimum. The higher index value means that spawning is more likely to occur at that temperature, and values of 1.0 or less indicate non-preference, as the relative importance of that temperature equilibrates between 'positive' samples (spawning) and all samples (sampling effort). This simple quotient rule has been used to characterize spawning habitats of small pelagic fish species (LluchBelda et al. 1991 , van der Lingen et al. 2001 , Twatwa et al. 2005 . A non-parametric Kolmogorov-Smirnov test was applied to the cumulative frequency distributions of the raw data with the SST interval of 0.1°C for 'positive' samples to detect any statistical difference in the index distribution among species and between stages (Twatwa et al. 2005) . Annual total landings in weight for Japan from 1905 to 2004 were used as a qualitative proxy for biomass to describe the long-term trends of population dynamics of the targeted fish species in the west- The temperature at the modal point of the spawning temperature index corresponds to the temperature at which spawning occurred most frequently over the long term, and it distinguishes the relatively warm or cool spawning features of each species. The shape of distribution of the spawning temperature index (Fig. 3) is indicative of the extent of relative eurythermy or stenothermy, as the wider (narrower) optimum range with the lower (higher) index maximum characterizes a eurythermal (stenothermal) species. As such, the extent of relative eurythermy or stenothermy was expressed as the optimum range (the index > 1.0) divided by the maximum value of the index. This ratio was compared to the coefficient of variance of annual total landings from 1905 to 2004, regarded as a substitute for the extent of population fluctuations in the long term.
RESULTS
Spawning temperature index for anchovy, sardine, mackerel and jack mackerel started to increase rapidly around 10°C and showed unimodal distributions (Fig. 3) . However, sardine and mackerel exhibited steep modes and decreased to be nearly 0 around 26°C, while anchovy and jack mackerel exhibited more moderate modes and did not decrease until around 27°C. The difference in cumulative frequency distributions for 'positive' samples in relation to temperature was statistically significant among all of the species and between stages (Kolmogorov-Smirnov test, p < 0.001), except between eggs and larvae of mackerel (p = 0.069). However, similarities and differences among species were observed to be evident in terms of the peak of the spawning temperature index, or the midpoint of optimum range, and the optimum range itself. Likewise, characteristics of the index patterns appeared to be similar between eggs and larvae.
The spawning temperature index (5-term running mean of 0.1°C data) exceeded 1.0 from 15.6 to 27.8°C (17.6 to 28.1°C) for anchovy eggs (larvae), from 13.2 to 20.2°C (13.8 to 20.4°C) for sardine eggs (larvae), from 15.5 to 21.9°C (15.5 to 22.1°C) for mackerel eggs (larvae) and from 17.1 to 28.0°C for jack mackerel larvae (Fig. 3) . Sardine showed a steeply peaked spawning mode with the maximum value of index for eggs at 16.2°C. Similarly, mackerel showed a marked peak of the index, but the index maximum at 17.7°C for eggs and larvae was higher than the peak temperature for sardine. In contrast, anchovy and jack mackerel exhibited very similar plateau-like patterns of the spawning temperature index. The index maxima around the midpoint of the optimum range were detected at 21.7°C for anchovy eggs and 21.9°C for jack mackerel larvae.
The optimum range divided by the index maximum was 2.6, 3.1, 6.8 and 9.8 for sardine eggs, mackerel eggs, jack mackerel larvae and anchovy eggs, respectively. The coefficient of variance for 100 yr catches (1.38, 1.04, 0.94 and 0.65 in the above order of the 4 species) showed a negative trend with this indicator of relative eurythermy or stenothermy, although the relationship was based on 4 data points only and was not statistically significant (Spearman's correlation coefficient test, r S = -1, p = 0.083).
DISCUSSION
Similarities and differences in the long-term population dynamics were reflected in those of the spawning temperature patterns among the species ( Occurrences of eggs (circle) and larvae (cross) were analyzed separately; only larval occurrence was available for jack mackerel. The 0.1°C data series were smoothed by 5-term running means; the plot for the intervals that included less than 20 samples (< 6.3°C and > 30.1°C) were removed. The horizontal line indicates the baseline of optima, above which temperature interval was assumed to be preferred for spawning (Lluch-Belda et al. 1991). The index patterns smoothed by 11-term running means for anchovy and sardine were also used to compare spawning temperatures between opposite sides of the North Pacific in Takasuka et al. (2008) 3). The western North Pacific has historically experienced cool surface waters when the PDO index is positive and warm surface waters when it is negative (Mantua et al. 1997 , Mantua & Hare 2002 , Chavez et al. 2003 . The anchovy regime during the warm phase has shifted to the sardine regime during the cool phase and back twice during the 20th century. Anchovy exhibited a plateau-like spawning temperature pattern with a wider temperature optimum and a peak at ca. 22°C. In contrast, sardine exhibited a steeply peaked pattern with a narrower temperature optimum and a marked peak at ca. 16°C. Mackerel showed a spawning peak at ca. 18°C, and in fact they flourished during the late 1970s between the relative abundance of anchovy (the 1960s) and sardine (the late 1980s). In contrast, jack mackerel have shown very similar population dynamics to anchovy. This close relationship was evidently reflected in the similarity in spawning temperatures of anchovy and jack mackerel. Although statistical tests discriminated the overall patterns of spawning temperature among all the target species, similarities and differences focusing on the peak, midpoint and range of spawning temperature optima would allow the target species to be categorized as follows. Anchovy and jack mackerel are warm and eurythermal species, while sardine and mackerel are cool and stenothermal species, but mackerel is less so than sardine. From such a viewpoint, the spawning temperature optima would be consistent with the timing of flourish/collapse associated with the PDO phases at multi-decadal scales. Furthermore, eurythermal/stenothermal features recorded in the spawning temperature patterns seemed to reflect the extent of population fluctuations. The lower values of the optimum range divided by the index maximum of the more stenothermal species tended toward the greater values of coefficient of variance for landings. Sardine and mackerel with more stenothermal spawning patterns indicated dramatic fluctuations relative to anchovy and jack mackerel with more eurythermal patterns. Clearly, temperature is not the sole determinant of population dynamics. Various studies have indeed reported the effectivity of 'bottom-up' (Beaugrand et al. 2003 , Platt et al. 2003 , Ware & Thomson 2005 , 'topdown' (Frank et al. 2005 ) and 'wasp-waist' (Cury et al. 2000 , Bakun 2006 ) controls. Density-dependent processes and interspecific interactions are potentially influential (Yatsu et al. 2005) . Current intensity, transport, turbulence and salinity might also be synergistic physical factors (Twatwa et al. 2005) . Further, fishing efforts may accelerate the collapse or prevent the recovery of stocks (Shelton et al. 2006) . Moreover, the relative dominances of these factors may change over phases (Ciannelli et al. 2005) . Various dynamic and interactive factors pose a complexity that has led to difficulty in predicting future trends.
Despite such complexity, a simple and direct mechanism might exist to regulate fish regime shifts over large temporal and spatial scales. Out-of-phase oscillations have been shown between warm and eurythermal species (i.e. anchovy and jack mackerel) and cool and stenothermal species (i.e. sardine) at different fluctuation levels. Mackerel indicated intermediate features between these 2 groups in both oscillations and spawning temperatures. As such, multi-species relationships may be reflected most directly by temperature optima rather than the other biological or taxonomic characteristics. The target species have generally different life history parameters. Anchovy mature at age <1 yr, with a longevity of 3 yr, and spawn almost throughout the year with a peak in May to June; sardine mature at 1 to 2 yr, with a longevity of 7 yr, and spawn from November to May with a peak in February to March; mackerel mature at age 2 to 4 yr, with a longevity of 6 yr, and spawn from February to August with a peak in April to May; jack mackerel mature at 1 to 2 yr, with a longevity of 5 yr, and spawn from February to September with a peak in June to July (Fisheries Agency and Fisheries Research Agency of Japan 2005). Anchovy, sardine and jack mackerel have filter-feeding and particulate-feeding strategies, while mackerel are piscivorous. The differences in food plankton sizes and feeding organs (e.g. gill raker morphology) between anchovy and jack mackerel are greater than those between anchovy and sardine (Tanaka 2006) . The same would also hold true for differences in effects of predation pressure, since preypredator interactions are largely size-dependent, and these species are sorted in descending order of size at maturity as mackerel, jack mackerel, sardine and anchovy. Nonetheless, anchovy and jack mackerel showed similar trends in their population dynamics, being out-of-phase with sardine. There should be a common factor between them; we suggest that it is species-specific temperature optima.
Fish population dynamics could be regulated more or less by direct temperature impacts, since temperature would be a primary determinant of the early growth rates at large temporal and spatial scales (Meekan et al. 2003 , Baumann et al. 2006 , Takasuka & Aoki 2006 . Reproductive parameters are also susceptible to temperature changes. Growth rates represent survival potential during the early life stages (Takasuka et al. 2003 (Takasuka et al. , 2004 , and growth variability could cause over 100-fold fluctuations in survival probabilities in theory (Houde 1987 , Takasuka et al. 2007a ). Thus, climate-induced temperature shifts potentially trigger dramatic shifts in population abundances. Based on this assumption, the 'optimal growth temper-ature' hypothesis was proposed as a potential biological mechanism of anchovy and sardine alternations (Takasuka et al. 2007b) . The optimal growth temperatures occurred at 22.0°C for anchovy larvae and at 16.2°C for sardine larvae in the western North Pacific. The ambient temperatures for the larvae differed between the 2 species but have actually fluctuated between these optima. The hypothesis posits that the shifts of ambient temperature between the differential optima potentially cause the shifts of anchovy and sardine regimes. The spawning temperature optima of anchovy (midpoint: 21.7°C) and sardine (peak: 16.2°C) showed a close agreement with their optimal growth temperatures during early life stages. This correspondence means that the present analysis on occurrence of eggs and larvae successfully detected species-specific temperature optima and that, assuming a similar correspondence, the theory is applicable to mackerel and jack mackerel. The present study extends the concept of the 'optimal growth temperature' hypothesis to the multi-species regime shifts in the western North Pacific.
The proposed theory focuses on direct temperature impacts independent of trophic interactions, in contrast to the 'bottom-up' theory. As a prevalent hypothesis of species alternations, van der Lingen et al. (2006) proposed that the shifting physical regimes lead to changes in plankton community structure, which potentially cause the shifts between a size-selective particulate-feeder (anchovy Engraulis encrasicolus) and a non-selective filter-feeder (sardine Sardinops sagax) in the Benguela ecosystem. This theory does not account for the synchrony between anchovy and jack mackerel in the western North Pacific (see above) but would be one of the possible mechanisms of anchovy and sardine alternations. On the contrary, our theoretical framework may be in agreement with the 'wasp-waist' control (Cury et al. 2000 , Bakun 2006 , in which a few dominant small pelagic species adversely exert effects on communities at lower and upper trophic levels. In any case, the multiple mechanisms based on direct and indirect temperature impacts and the other factors are not exclusive but synergistic in theory. Our single factor analysis did not assess the relative importance of multiple factors. However, the temperature-based concept would be a potential mechanism that at least theoretically addresses biological aspects, which have been previously hard to explain by other theories and thus would serve as an alternative/complimentary approach to unraveling the underlying mechanisms of multi-species regime shifts.
The target species can be considered as opportunistic strategists (Winemiller & Rose 1992) ; thus, they might shift distributions in response to temperature shifts to some extent. Their spawning grounds exhibit inshore contraction and offshore expansion depending on the phases of population dynamics (Fig. 2) . The dramatic population fluctuations in themselves indicate that the pelagic fish cannot completely adapt to environmental changes; however, their adaptive potential is unclear. Another concern is the difference in biomass levels between sardine and the other species. For example, the inshore contraction of sardine might facilitate the offshore expansion of the others, possibly exerting synergistic effects on the alternations. Future studies are needed to clarify how such temporal and spatial dynamics of spawning, their differences among species and interspecific interactions affect the multispecies regime shifts.
The present approach might have generality in further large-scale events. The relationship between Japanese anchovy Engraulis japonicus and Japanese sardine Sardinops melanostictus shows a marked contrast to the case between northern anchovy E. mordax and California sardine S. sagax in terms of temperature optima (Takasuka et al. 2008) . That study compared spawning temperature optima of Japanese anchovy and sardine (as in Fig. 3 ) with those of northern anchovy (11.5 to 16.5°C) and California sardine (13 to 25°C) analyzed by Lluch-Belda et al. (1991) using a uniform approach. This contrast appears to be consistent with the observation that anchovy and sardine alternations were roughly synchronous during certain phases despite the reversed temperature regimes between the opposite sides of the North Pacific (Mantua et al. 1997 , Chavez et al. 2003 , providing a hypothetical solution to the basin-scale phenomena (Takasuka et al. 2008 ).
The present multi-species comparisons extracted a simple and direct hypothesis from a complex marine ecosystem: direct temperature impacts on vital parameters independent of trophic interactions would provide a probable theoretical explanation of multi-species regime shifts of small pelagic fish in the western North Pacific, if viewed at large scales. If so, this implies the potential for fish regime shifts to be disrupted by large-scale temperature shifts, such as global warming, even without intermediary processes through food webs. At the same time, it may allow the prediction of future trends from monitoring and simulating temperature shifts, but only if fishing pressure does not affect the natural patterns.
